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Indirect Detection of Dark Matter
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Motivation for Dark Matter
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DARK ENERGY
DARK MATTER
ORDINARY MATTER

NOAO, AURA, NSF, T.A. Rector

Galaxy Rotation Curves

Bullet Cluster (Markevitch & Clowe, 2006)

Colliding Clusters

WMAP Science Team

Cosmological Probes
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Hunting for WIMPs
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Indirect Detection
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Indirect Detection
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Particle Physics 
(particles per annihilation) 

Dark Matter  
Distribution 
(line-of-sight integral)

Particle Flux 
(signal in data)
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Gamma-ray Spectrum
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Dark Matter Distribution
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 Piere et al. Phys Rev D83, 023581 (2011)
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Dark Matter Distribution
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Galactic Substructure: 
•Lower statistics 
•Lower background

Galactic Center: 
•Larger signal 
•Larger background



The Fermi Large Area Telescope



The Fermi Large Area Telescope (LAT)



The Fermi Large Area Telescope

Si-Strip Tracker: 
convert γ->e+e- 

reconstruct γ direction 
EM vs. hadron separation

Hodoscopic CsI Calorimeter: 
measure γ energy 
image EM shower 
EM v. hadron separation Anti-Coincidence Detector:   

Charged particle separation

Trigger and Filter: 
Reduce data rate from ~10kHz to 
300-500 Hz

Fermi LAT Collaboration: 
~400 Scientific Members, 
NASA / DOE & International 
Contributions  

Sky Survey: 
The LAT observes the whole sky 
every 3 hours (2.5 sr FOV)

8

Public Data Release: 
All γ-ray data made public within 
24 hours (usually less)

No Magnet



Event-by-Event Detection

Nearly ideal γ-ray candidate: 
1. Track starts in middle of TKR 
2. Extra hits near track 
3. CAL axis aligned with track 
4. CAL energy confined near axis

1

2

3

4

Nearly ideal proton candidate: 
1. Starts at top of TKR 
2. Few extra hits near track 
3. CAL axis not-aligned with track 
4. CAL energy “lumpier” 
5. Signal in the ACD (not shown)

1
2

3

4
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Background Rejection
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5 Orders of Magnitude

Primary Protons Primary Electrons

Gamma-ray all-sky

Gamma-ray isotropic background

Primary Positrons

~50% Retention
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Fermi-LAT Performance

15

Andromeda (M31)

20 arcmin

Optical DSS Image



Fermi-LAT 4-Year All-Sky Map

Galactic Diffuse Emission

Pulsars (>100)

Active Galactic Nuclei (>1100)

Isotropic Diffuse Emission

+ Pulsar Wind Nebulae + Supernova Remnants + Globular 
Clusters + Starburst Galaxies + Unassociated Sources + etc.

+ Dark Matter?
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Dark Matter Distribution
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Galactic Substructure: 
•Lower statistics 
•Lower background

Galactic Center: 
•Larger signal 
•Larger background



The Galactic Center
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The Galactic Center
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• The Galactic Center is an appealing 
target for dark matter searches 
– Deep gravitational potential 
– Relatively nearby 

• However, it is extremely complicated 
– Diffuse emission from cosmic-ray 

interactions with Galactic gas and dust 
– Densely populated by astrophysical 

sources (e.g., pulsars, SNR) 
– Detected in other wavelengths (e.g., 

radio, X-ray, TeV) 
• Topic of much study... 

– Hooper & Linden (2011) 
– Boyarski et al. (2011) 
– Abazajian & Kaplinghat (2012) 
– Huang et al. (2013) 
– Abazajian et al. (2014) 
– Daylan et al. (2014) 
– Calore et al. (2014) 
– etc.
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Galactic Center Region
Focus on a 15ox15o region (~ 1 kpc) around Galactic center 

The Galactic Center

20

Galactic Center Region
Focus on a 15ox15o region (~ 1 kpc) around Galactic center 
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Galactic Center
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Skymaps of the Residuals

(Daylan et al., 2014)
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Figure 17. Spectrum of the GCE emission, together with statistical and systematical errors, for
model F (cf. figure 14). We show fits to the GCE with various spectral models. We emphasize that
the shown systematic errors are correlated, and that the spectral models actually do provide a good
fit to the data in most cases. We show the best-fit model parameters, along with indicators for the
fit quality, in table 4 (cf. figures 18 and 20). See text for details on the fitting procedure.

parametric fits to the data.
In the previous section, we found that theoretical and empirical model uncertainties

a↵ect the GCE spectrum at a similar level (see figure 14). However, theoretical model
uncertainties in the way we discussed them here are di�cult to interpret in a purely statistical
sense, since the TS values that we find for fits with our 60 GDE models di↵er typically by
> O(100) values (see appendix A), and even our best-fit model for the GDE gives formally
a poor fit to the data. This is a generic problem of modeling the GDE [58], as we discussed
at the end of section 4.1. On the other hand, the empirical model uncertainties are simple
to interpret statistically and give by construction a realistic account for typical systematics
of state-of-the-art GDE modeling.

We will hence adopt the following strategy : We will use the GCE spectrum and associ-
ated statistical errors from model F only, which gives formally the best-fit to the Fermi -LAT
data in our ROI. In fits to the GCE spectrum we then only consider the empirical model
systematics, and neglect the theoretical ones. Given the small scatter for the GCE spec-
trum that we find for di↵erent GDE models, this is well justified. We checked explicitly that
using di↵erent GDE model as starting point in the spectral fits would not alter our results
significantly (see appendix C.2). Hence, we consider our approach as statistically sound and
su�ciently robust to derive meaningful results.

We will introduce general aspects of fits with correlated errors in subsection 5.1, and
then test the most common interpretations of the GCE emission in terms of a number of DM
and astrophysical toy models in subsection 5.2 and 5.3.

– 33 –

(Calore et al., 2014)

Spatial Map

Gamma-ray Spectrum
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Figure 18. Left panel: Constraints on the h�vi-vs-m� plane for three di↵erent DM annihilation
channels, from a fit to the spectrum shown in figure 14 (cf. table 4). Colored points (squares) refer to
best-fit values from previous Inner Galaxy (Galactic center) analyses (see discussion in section 6.2).
Right panel: Constraints on the h�vi-vs-� plane, based on the fits with the ten GCE segments.
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Figure 19. Constraints on the h�vi-vs-m� plane at 95% CL, individually for the GCE template
segments shown in figure 15, for the channel �� ! b̄b. The cross indicates the best-fit value from a fit
to all regions simultaneously (m� ' 46.6 GeV, h�vi ' 1.60 ⇥ 10�26 cm3 s�1). Note that we assume a
NFW profile with an inner slope of � = 1.28. The individual p-values are shown in the figure legend;
the combined p-value is 0.11.

mass fixed at 49 GeV. This plot is based on the fluxes from the segmented GCE template,
see figure 16. As expected, the cross-section is strongly correlated with the profile slope. We

– 35 –

(Calore et al., 2014)

The Galactic Center

22

Thermal Relic

The Galactic Center is an  
extremely complicated region

A dark matter signal should  
manifest itself in other regions

The investigation of other dark"
matter targets is essential



Dwarf Galaxies
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(Bullock, Geha, Powell)
30 kpc

Dwarf Spheroidal Satellite Galaxies

24

D. Malin

Fornax

Segue 1

M. Geha

Luminosities range 
from 103 L⊙ to 107 L⊙
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Dwarf Spheroidal Galaxies
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• Most dark-matter dominated objects in the 
universe (100 - 1000 times more dark 
matter than visible matter) 
!

• Relatively nearby (25 - 150 kpc) 
!

• High galactic latitudes (minimize 
astrophysical foregrounds) 
!

• Multi-wavelength observations show no 
evidence for astrophysical gamma-ray 
production 
• No active star formation  

(no energy injection) 
• No appreciable magnetic fields  

(no acceleration) 
• No no gas or dust 

(no target material)
For

CMa

Psc II

Seg 2

Leo IV
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Dra

Boo II

UMa II
SexHer

UMi

CVn I
Leo V

Sgr

UMa I

Leo II
Boo III

Leo I

Boo I
Wil 1

Scl

CVn II

Car

Seg 1



Moore (2009)

• Dark matter content determined 
spectroscopically from stellar 
velocity dispersion 
– Classical dwarfs: spectra for several 

thousand stars 
– Ultra-faint dwarfs: spectra for fewer 

than 100 stars 
• Assume a DM density profile to 

calculate a J-factor (Martinez, 2013) 
– Minimize J-factor uncertainty by 

enclosing the half-light radius 
– Become insensitive to the inner 

profile behavior (core vs. cusp) at 
large enough radii 

• Include the statistical uncertainty in 
the J-factor in gamma-ray analysis

Dark Matter Content
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No. 1, 2007 dSph VELOCITY DISPERSION PROFILES L55

TABLE 1
Summary of dSph Velocity Samples and NFW Parameters

Galaxy Nnew Ntot Ndsph b
Mvir

(107 M,)
Mrmax

(107 M,)
M600

(107 M,)

Carina . . . . . . . . 1833 2567 899 !0.5 20 3.5 2.0
Draco . . . . . . . . 512 738 413 !1 400 9.0 6.9
Fornax . . . . . . . 1924 2085 2008 !0.5 100 18 4.6
Leo I . . . . . . . . . 371 483 416 !0.5 100 7.3 4.5
Leo II . . . . . . . . 128 264 213 0 40 4.3 2.8
Sculptor . . . . . . 1089 1214 1091 !0.5 100 8.2 4.3
Sextans . . . . . . . 947 1032 504 !2 30 5.4 2.5

Fig. 2.—Left: Projected velocity dispersion profiles for seven Milky Way dSph satellites. Overplotted are profiles corresponding to mass-follows-light (King
1962) models (dashed lines; these fall to zero at the nominal “edge” of stellar distribution), and best-fitting NFW profiles that assume b p constant. Short, vertical
lines indicate luminous core radii (IH95). Distance moduli are adopted from Mateo (1998). Right: Solid lines represent density, mass, and profiles correspondingM/L
to best-fitting NFW profiles. Dotted lines in the top and middle panels are baryonic density and mass profiles, respectively, following from the assumption that
the stellar component (assumed to have ) has exponentially falling density with scale length given by IH95.M/L p 1

equal numbers of dSph members. Thus the number of stars,
including interlopers, in each bin may vary, but for all bins,

. We use a Gaussian maximum-likelihoodN 1/2bin ˆS P ∼ (N )ip1 dsph dsphi

method (see Walker et al. 2006a) to estimate the velocity dis-
persion within each bin.
Left-hand panels Figure 2 display the resulting velocity dis-

persion profiles, which generally are flat. The outer profile of
Draco shows no evidence for a rapidly falling dispersion, con-
trary to evidence presented by Wilkinson et al. (2004) but

consistent with the result of Muñoz et al. (2005).6 In fact the
outer profiles of Draco, Carina, and perhaps Sculptor show
gently rising dispersions. While it is likely that at least in Carina
this behavior is associated with the onset of tidal effects (Muñoz
et al. 2006), McConnachie et al. (2007) point out that the
tendency of some dSphs to have systematically smaller velocity
dispersions near their centers is perhaps the result of distinct
and poorly mixed stellar populations (Tolstoy et al. 2004; Bat-
taglia et al. 2006; Ibata et al. 2006). Either explanation com-
plicates a thorough kinematic analysis; in the present, simplified
analysis we assume all stars belong to a single population in
virial equilibrium.
Dashed lines in Figure 2 are velocity dispersion profiles

calculated for single-component King models (King 1962) con-
ventionally used to characterize dSph surface brightness pro-
files. The adopted King models are those fit by Irwin & Hatz-
idimitriou (1995, hereafter IH95) and normalized to match the

6 We have not included the unpublished data of Wilkinson et al. (2004) or
Muñoz et al. (2005) in our calculations of the velocity dispersion profiles of
Draco.

Walker et al. 2007
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J-Factors for 18 Dwarf Galaxies
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NFW profile integrated 
over 0.5 degree cone
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18 dwarf galaxies have 
well-determined J-factors.
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Gamma-ray Count Maps

28

— NFW Scale Radius 
— LAT PSF (68%/95%)
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• Assume same dark matter particle present in all 
dwarf spheroidal galaxies (same spectrum) 

• Use all dwarf galaxies with well-determined  
J-factors in non-overlapping regions (N=15) 

• Perform a combined likelihood analysis: 
– Predicted flux for each dwarf will depend on 

individual dark matter content (J-factor) 
– Include statistical uncertainties from stellar 

kinematic data. 
– Fit backgrounds independently 

• Joint likelihood function:

Joint Likelihood Analysis

29

Shared by all dwarfs 
(dark matter particle 

parameters)

Fit for each dwarf  
(background sources)

L(D |pm, {pk}) =
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Expected sensitivity 
calculated from the data

300 sets of 15 
random sky 
locations

High-Galactic-
latitude (|b|>20)

>1˚ from LAT 
catalog sources

Largest excess for 25 
GeV WIMP to     , TS = 8.7 
(TS > 25 threshold)

Combine 15 dSphs

bb̄ (25GeV)

Ackermann et al. PRD 89 042001 (2014)
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Statistical and Systematic Effects

• Distribution of TS values in the data 
does not follow asymptotic theorems  
!

• Confounding features of the data: 
– Unresolved background sources 
– Instrumental features 
– Imperfect modeling of the diffuse 

background 
!

• Global significance: 
– Simulations: p-value = 0.02 
– Data:  m        p-value = 0.08 

!
• Additional systematic uncertainties: 

– Instrument response (< 15%) 
– Diffuse backgrounds (< 10%) 
– Dark matter profile     (< 20%)

31Ackermann et al. PRD 89 042001 (2014)



Galactic Center Comparison
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Pass 8: Improved LAT Performance

33
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Pass 8: Ghost Busting

• The Fermi-LAT data is publicly released in packages termed “Passes”. 
• Each Pass reflects our improved understanding of the instrument and it’s 

environment (detector simulations, event reconstruction, event selection, etc.). 
• Pass 8 works from the ground up to remove residual cosmic-ray pile-up.

34

Alex Drlica-Wagner   |  Pass 8 Status

Motivation for Pass 8

• The LAT is first and foremost a particle detector

• We expected that only one event would be present in the LAT at a time

– But we found that many events are accompanied by GHOST signals...

– These ghosts cause a significant loss in effective area

• Pass 7 sought to mitigate ghosts; Pass 8 seeks to remove them at the 
reconstruction level

2

Good gamma rayOut-of-time cosmic ray

ADW Ph.D. Thesis, 2013
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Pass 8: Better “Seeing”
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effective area
angular 

resolution
point-source 

sensitivity

+25% +10-15% +40%
>  1  G E V @  1 - 1 0  G E V>  1  G E V

M O R E  DATA ,  M O R E  AC C U R AC Y,

A N D  M O R E  I N F O R M AT I O N !

(for more information see P. Bruel’s talk from Wednesday)

containment 
in psf classes
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>  1  G E V @  1 - 1 0  G E V>  1  G E V

M O R E  DATA ,  M O R E  AC C U R A C Y,

A N D  M O R E  I N F O R M AT I O N !

(for more information see P. Bruel’s talk from Wednesday)

containment 
in psf classes

• Events can be divided into classes 
based on the quality of the event 
reconstruction. 

• Combine events from all PSF event 
classes into a joint likelihood fit to avoid 
loss in effective area. 

• Results in another ~10-20% gain in 
point-source sensitivity.
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Pass 8 Expected Sensitivity
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Results 
(expected limits)

11

(bands derived from 
300 random blank-

sky sets)
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Pass 8 Constraints

37
Brandon Anderson, Stockholm University | 5th Fermi Symposium

Results 
(no significant emission detected)

12

(bands derived from 
300 random blank-

sky sets)
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• The Large Magellanic Cloud  
(LMC) is the largest Milky Way 
satellite galaxy. 

• Expected to be the second 
brightest dark matter signal 
region (after the Galactic Center) 

• Dwarf irregular galaxy 
– Active star formation 
– Cosmic-ray acceleration 
– Plentiful gas and dust 

• The LMC is a strong, spatially 
extended gamma-ray source 

• Control for systematic by using 
regions around the LMC as a 
“side-band”

Other Targets: The LMC

8

FIG. 4: Di↵erential (left) and integrated (right) J-factors as a function of angle from the LMC center for the benchmark models
(listed in Table II). Labeling and color coding is as in Fig. 3.

emitted as final state radiation from the charged particles, including e

+

e

� pairs.
As a result of this cascade, the gamma rays from dark matter annihilation do not feature a sharp line at E

�

= m

�

,
but rather a continuous spectrum with characteristic energies significantly lower than the dark matter mass. Indeed,
in this analysis we do not perform a line-search for dark matter annihilating directly into photons. The annihilation
channels we consider in this work are

�� ! ss̄, bb̄, tt̄, gg, W

�
W

+

, e

+

e

�
, µ

+

µ

�
, and ⌧

�
⌧

+

. (4)

Annihilation into pairs of u or d quarks produces a similar spectrum as annihilation into gluon pairs, cc̄ is similar
to ss̄, as are ZZ and W

�
W

+, so bounds on such channels can be roughly extrapolated from the subset of channels
we analyze in detail. We scan over all dark matter masses between 5 GeV and 10 TeV. Channels of dark matter
annihilating to massive particles are only open above the mass threshold, when the dark matter mass is equal to that
of the heavy Standard Model particle in the final state.

For each final state, we calculate the resulting spectrum of gamma rays as a function of dark matter mass using
code available as part of the Fermi LAT ScienceTools.2 In Figure 5, we show representative spectra dN/dE

�

per pair
annihilation for a range of channels and dark matter masses.

III. BARYONIC BACKGROUNDS

The gamma-ray emission from the LMC was first detected by the EGRET instrument aboard the Compton Gamma
Ray Observatory [94, 95], operating from 1991 to 2000. [96]. The LMC was established as an extended source, but the
limited angular resolution of EGRET prevented a deep investigation of the origin and composition of the high-energy
emission. With more than an order of magnitude improvement in sensitivity, better angular resolution, and extended
energy coverage compared to its predecessor, the Fermi LAT instrument enabled a strong detection of the LMC early
in the mission. From 11 months of continuous all sky-survey observations, [97] reported a detection of the LMC with
formal significance ⇠ 33� in ⇠100MeV–10GeV gamma rays and confirmed the extended nature of the source. The
emission is relatively strong in the direction of the 30 Doradus star-forming region, but more generally the emission
seems spatially correlated to classical tracers of star formation activity (such as the H↵ emission). The extension and
spectrum of the source suggest that the observed gamma rays originate from CRs interacting with the interstellar
medium through inverse-Compton scattering, bremsstrahlung, and hadronic interactions. Yet, contributions from
discrete objects such as pulsars could not be (and were not) ruled out at that time.

2 The DMFitFuction spectral model described at: http://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/

Cicerone_Likelihood/Model_Selection.html, see also Ref. [93]
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FIG. 14: Upper Left: 95% CL upper bound on the annihilation of 50 GeV dark matter into bb̄, assuming the iso-mean profile,
as a function of profile center across the entire ROI. Upper Right: TS for an additional component of 50 GeV dark matter
annihilating into bb̄, assuming the iso-mean profile. Lower Row: Cross section limits and TS values for the inner 4�⇥4� region
of the LMC. Smoothed LMC background components are shown in white, along with three likely dark matter centers: stellar
(white circle with ⇥ cross), outer (orange circle with + cross), and HI (blue circle with +⇥ cross); the grid spacing is 0.�5⇥ 0.�5
for the upper plots and 0.�2⇥ 0.�2 for the lower plots.

VII. CONCLUSIONS

The LMC is the largest satellite of the Milky Way, as well as one of the closest. Though it is actively forming
massive stars and therefore significant backgrounds are present, it is nonetheless an attractive target for indirect
detection of dark matter annihilation. Using stellar and gas rotation curves, assuming an isothermal profile, and
making conservative choices in the data analysis, the LMC still has an annihilation J-factor as large as the best (most
constraining) dwarf spheroidal galaxies currently known. Simulations of galaxies similar to the LMC in both mass
and stellar luminosity suggest a more cuspy profile, in which case the annihilation rate of dark matter would be at
least an order of magnitude larger than in any of the dwarf spheroidals. In addition, as the LMC is spatially extended,
the dark matter annihilation signal would have a characteristic morphology, which could be used in conjunction with
the spectrum to distinguish it from backgrounds.

Given these advantageous properties, and the interest in the potential indirect detection of dark matter from the
Galactic Center, it is an opportune time to analyze the Fermi LAT gamma-ray observations of the LMC for signals

11

FIG. 6: Left: Counts map of the LMC region, in the energy range from 792MeV to 12.6GeV. Right: Model map of the
same region and for the same energy range created from the emission model (see text for details). Both maps are binned in
0.�1⇥ 0.�1 pixels and smoothed with a � = 0.�3 Gaussian kernel. The possible locations of the LMC center (Tab. I) are shown:
stellar (white circle with ⇥ cross), outer (orange circle with + cross), and HI (blue circle with +⇥ cross). Smoothed contours
of extended components of the background emission model are also shown: E0 (solid black lines), E1 (dashed black), E2 (white
dashed), E3 (white solid), and E4 (black dotted); the contours are drawn at 2% of the peak level for each of the extended sources.
Green stars mark the point-like objects PS1 to PS4 in our background emission model, orange stars are point sources in the
2nd Fermi-LAT point source catalog. Recall that the extended emission sources are correlated with the gas column density,
resulting in the irregular shapes. The e↵ective angular resolution can be inferred from the distribution of counts around the
point-like sources. Galactic di↵use emission is visible outside of the LMC region.

IV. LAT INSTRUMENT AND DATA SELECTION

The Fermi LAT is a pair-conversion telescope: incoming gamma rays convert to e

+

e

� pairs that are tracked in the
instrument. The data analysis is event based; the energies and directions of the incoming gamma rays are estimated
from the tracks and energy depositions of the pair in the LAT. Detailed descriptions of the LAT and of its performance
can be found elsewhere [9, 101, 102].

For the analysis of a complicated region such as the LMC, the PSF is crucial for resolving the contributions from
di↵erent spatial components. The 68% containment radius of the PSF (R

68

) averaged over the LAT field-of-view is
⇠ 1� (⇠ 1.�8) at 500 MeV for events that convert in the front (back) of the LAT tracking volume.

For our data sets we use the P7REP CLEAN event selection (“Pass 7 Reprocessed” data) on data taken between 2008
August 4, and 2013 August 4 by the Fermi LAT. We chose to use the stringent P7REP CLEAN event selection since it
has low residual CR contamination compared to the gamma-ray flux. We used the P7REP CLEAN V15 version of the
instrument response functions (IRFs). The data reduction and exposure calculations were performed using the Fermi
LAT ScienceTools version 09-34-00.7

We used events with reconstructed energies from 500 MeV to 500 GeV. We only use events with a measured zenith
angle less than 100� to remove the emission from the Earth’s limb (i.e., gamma rays from CR interactions in the
upper atmosphere). We also apply the standard selection criteria for good time intervals8 and to remove data taken
in non-standard operating and observing modes. Note that the adopted rocking angle cut is only applicable to data
taken prior to 2013 December 6 when the LAT observing strategy changed,9 which is the case for our data set.

The details about the data selection criteria are summarized in Table III. This data selection very similar, but not
identical, to the selection used to build the background model described in Section III. Both selections include the

7 http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
8 To date the only time intervals marked as having poor quality data are during bright Solar flares, when extremely high X-ray fluxes
saturated the LAT anticoincidence detector; see Appendix A of [101] for more details.

9 http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/obs_modes.html

(Buckley et al. 2015)
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FIG. 22: Comparison between the 95% CL upper limits from the LMC analysis (red solid line, predicted 84% and 95%
containment bands in green and yellow) and the upper limits set by the Fermi LAT analysis of the dwarf spheroidal galaxies
using Pass 7 data (black solid). Also shown are the Fermi LAT upper limits from the Milky Way Galactic halo (dashed gray
line) and the upper limits set by the dwarf spheroidals from the Fermi LAT analysis of Pass 8 data (solid blue lines). Confidence
regions for cross section and mass determined by independent analyses of the Galactic Center excess are shown (brown [24],
purple [106], green [28] and red circles [26]). The horizontal dashed line shows the canonical thermal relic cross section. The
LMC upper limits are based on the sim-mean profile at the HI center.
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“gamma rays of a few hundred MeV  
to a few GeV are the generic expectation  
of both dark matter annihilation and a  
wide variety of baryonic backgrounds”
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Other Targets: The Smith Cloud

• The Smith Cloud is one of the best 
characterized HVCs (e.g., Lockman et al. 
2008) 
!

• The Smith Cloud resides at a heliocentric 
distance of 12.4 +/- 1.3 kpc (nearest dwarf 
galaxy at 23 kpc). 
!

• The 3D trajectory of the Smith Cloud 
suggests that it passed through the 
Galactic disk ~70 Myr ago. 
!
!

• The gaseous component of the cloud has a 
weak self-gravity and ram pressure forces 
would dissipate the cloud during a passage 
through the Galactic disk. 
!

• This suggests that the Smith Cloud may be 
bound by a dark matter halo with tidal 
mass ~108 M⊙ (Nichols & Bland-Hawthorn, 
2009).
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Figure 3. Orbit of the Smith Cloud, calculated using the potential from Wolfire et al. (1995). The current position is represented by an unfilled circle and the Smith
Cloud is travelling in the direction of the arrows, with heights below the disk represented by a dotted line. The Sun’s position is shown as a filled circle on the Solar
Circle. The thin dotted line represents the projection of the Smith Cloud onto the disk. The disk is represented by a solid line at 30 kpc.

Table 1
NFW, Burkert, and Einasto Profiles

NFW Burkert Einasto

fρ (x) = x−1(1 + x)−2 fρ (x) = (1 + x)−1(1 + x2)−1 fρ = exp[−2/α(xα − 1)]/4

fm(x) = 3
[

ln(1 + x) − x
1+x

]
fm(x) = 3

2

[
ln(1+x2)

2 + ln(1 + x) − tan−1 x
]

fm = βγ (3/α, 2xα/α)

fϕ (x, vs ) = 3
[
1 − ln(1+x)

x

]
fϕ (x, vs ) = 3

2

[ (
1 + 1

x

)
tan−1 x −

(
1 + 1

x

)
ln(1 + x) fϕ (x, vs ) = β

[
21/αα−1/αγ (2/α, 2xα/α)

+ 1
2

(
1 − 1

x

)
ln(1 + x2)

]
−γ (3/α, 2xα/α)/x − 1

]

fgas(x, vs , cg) = e−3(vs /cg )2
(1 + x)3(vs /cg )2/x fgas(x, vs , cg) = [e−(1+1/x) tan−1 x (1 + x)(1+1/x) fgas(x, vs , cg) = exp(−v2

s /c
2
gfϕ(x))

×(1 + x2)(1/2)(1/x−1)](3/2)(vs /cg )2

β = (3/4)8−1/αe2/αα−1+3/α

Notes. The four quantities in each column are the density profile fp, the dark matter mass profile fm, the dark matter potential profile fϕ , and the gas
density profile fgas. Here γ is the lower incomplete gamma function, x ≡ r/rs is the scale radius, vs is the halo circular velocity, and cg is the gas sound
speed; cf. Sternberg et al. (2002), Table 5.

central density of a halo that virialized at z = 0. This factor
also contributes to other halo properties such as the scale radius
rs ∝ ∆−1/3 and the scale velocity vs ∝ ∆1/6.

3. MODEL SETUP

We consider two models of evolution, one in which the Smith
Cloud is infalling for the first time, hereafter the Infalling Orbit
Models, and a second model where the Smith Cloud has already
been maximally stripped due to previous orbits, hereafter the
Repeated Orbit Models. These both share common features: (1)
they have the same trajectory today, (2) the dark matter halo
has been tidally stripped down from some larger initial mass
(Mvir) in an identical fashion before our calculations commence
at apogalacticon. The important distinction is tidal stripping of
the gas is possible in the Infalling Orbit Models but not in the
Repeated Orbit Models; in both cases, ram pressure stripping
by the hot halo is important. For each case, the evolution of the
Smith Cloud is considered for the NFW, Einasto, and Burkert
models.

The evolution of the model clouds was calculated as a function
of three variables: the initial virial mass at the time of formation
(i.e., before the dark matter halo fell into the Galaxy), the dark
matter profile at this time, and the initial hydrogen gas mass
at apogalacticon. For both the Repeated Orbit Model and the
Infalling Orbit Model, the evolution of 7503 model clouds
were calculated, corresponding to 61 logarithmically spaced
virial masses in the range Mvir = (5 × 107)–(5 × 1010) M⊙
and 41 logarithmically spaced gas masses in the range Mgas =
(1 × 106)–(1 × 108) M⊙.

The orbit of the Smith Cloud was calculated using the
position and velocity data from Lockman et al. (2008) for
the tip of the Smith Cloud: (R, z) = (7.6,−2.9) kpc and
(vR, vφ, vz) = (94, 270, 73) km s−1. The form of the Galactic

potential is given by Wolfire et al. (1995) normalized by a
circular velocity of vc = 220 km s−1 at the Solar Circle. In
Figure 3, we show the predicted orbit of the cloud system. In
agreement with Lockman et al (2008), we find that the Smith
Cloud has intersected the disk ∼ 70 Myr ago and will pass
through the disk again in ∼30 Myr.

For all subhalo models, we investigate the effects of dynam-
ical friction on the orbit trajectory. The formalism used is de-
scribed by Jiang & Binney (2000): we point out that the value
for the circular velocity in their Table 1 should be vc = 235
km s−1 (not 181 km s−1 as quoted) to be consistent with their
analysis. But over the past few hundred million years, dynam-
ical friction is found to have only minimal effect, even in the
high mass limit. This is because, once again, the impact of gas
loss from the subhalo close to the disk is found to dominate the
evolution of the subhalo. We assume that any drag between the
model clouds and the Galactic corona is negligible and does not
affect the orbit.

Each model cloud is considered to be a dark matter potential
well filled with gas in isothermal hydrostatic equilibrium. We
assume a primordial helium abundance nHe/nH = 1/12 and
metallicity of Z/Z⊙ = 0.1. We also assume that the gas has
a temperature of 1.2 × 104 K and adopt an ionization fraction
of 50% for the Smith Cloud, slightly below the newly updated
H+/H0 ratio in Hill et al. (2009). This temperature and ionization
fraction then give a sound speed of cg = 11 km s−1. The gas is
distributed in the potential well according to the gas density
profile nH (x, vs, cg) = nH,0fgas(x, vs, cg), where x ≡ r/rs

is the scale radius, vs is the halo circular velocity given by
Equation (3) and fgas(x, vs, cg) is given in Table 1.

For the initial dimension of the model clouds, the sound
crossing time is 200 Myr, falling to about 30 Myr at the disk. We
therefore begin each orbit at the apogalacticon, approximately

Nichols & Bland-Hawthorn (2009)
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Fig. 1.—GBT H i image of the Smith Cloud at km s!1 showingV p 100LSR

the cometary morphology that strongly suggests that the Cloud is moving to lower
longitude and toward the plane and that it is interacting with the Galactic ISM.
Arrows mark the tracks of the velocity-position slices of Figs. 2 and 3. Fig. 3.—GBT H i velocity-position slice through the major axis of the Cloud

at the location of the arrows in Fig. 1. Marks on the vertical axis are every
157.5!. Along this track, there are H i clumps at low velocity that match the
gaps in the main Cloud. The clumps have likely been stripped from the Cloud.
Two are marked by the solid arrows. Two line wings that form kinematic
bridges between the Cloud and Galactic gas are marked by the dotted arrows.
The main part of the Cloud shows systematic velocity gradients from the
changing projection of its space velocity with respect to the LSR. The tilted
lines show the expected run of with position for km s!1 (upperV V p 296LSR tot

part of the Cloud) and km s!1 (lower part). The Cloud consists ofV p 271tot

at least two coherent kinematic pieces.

Fig. 2.—GBT H i velocity-position slice through the Smith Cloud along a
track through the minor axis of the Cloud (marked by arrows in Fig. 1). The
edges of the Cloud show a sharp gradient in velocity from km s!1V ∼ 100LSR

to the lower velocities of Galactic H i. We interpret this as evidence of the
interaction between the Cloud and the gaseous halo of the Milky Way. The
arrow marks the decelerated ridge shown in Fig. 4.

TABLE 1
H i Properties of the Smith Cloud

Property Value

(deg) . . . . . . . . . . . . . . . . . .l, b 38.67, !13.41
Distance (kpc) . . . . . . . . . . . . 12.4 ! 1.3
R (kpc) . . . . . . . . . . . . . . . . . . . 7.6 ! 0.9
z (kpc) . . . . . . . . . . . . . . . . . . . . !2.9 ! 0.3

(K) . . . . . . . . . . . . . . . . . . . . .Tb 15.5
(km s!1) . . . . . . . . . . . . . .Dv 16.0

NH i (cm!2) . . . . . . . . . . . . . . . . 205.2 # 10
(km s!1) . . . . . . . . . . . . .VLSR 99 ! 1

H i mass (M,) . . . . . . . . . . . 1106

Projected size (kpc) . . . . . . 3 # 1

Note.—All but integral quantities apply
to the direction of greatest NH i at the position
l, b p 38.67", !13.41".

kinematic bridges between the Cloud and Galactic emission
(several are marked with dotted arrows), as well as clumps of
H i (two are marked by solid arrows) at velocities "40 km s!1

that correspond to gaps in the Cloud. The clumps are likely
material stripped from the Cloud.

4. DISTANCE TO THE CLOUD

Portions of the Smith Cloud appear to have been decelerated
by the ambient medium through which it moves, and we use
this to estimate a distance to the Cloud. The GBT data show
disturbances in Galactic H i attributable to the influence of the
Smith Cloud at km s!1 but not at km s!1.V ≥ 35 V ≤ 0LSR LSR

If the Smith Cloud is interacting with Galactic gas whose nor-
mal rotational velocity is in this range, it implies that that the
Cloud has a distance in the range 11.1 kpc ! dk ! 13.7 kpc,

the “far” kinematic distance for a flat rotation curve with
kpc and km s!1.R p 8.5 V p 2200 0

There are other determinations of the distance. The brightness
of diffuse Ha emission from the Cloud and a model for the Galactic
UV flux give either 1 or 13 kpc (Bland-Hawthorn et al. 1998;
Putman et al. 2003). Recently, Wakker et al. (2008) have bracketed
the distance by looking for the Cloud in absorption against several
stars, finding 10.5 kpc ! d ≤ 14.5 kpc. The three methods give
identical results, and we adopt the kinematic distance d p

kpc for the remainder of this Letter.12.4 ! 1.3

5. PROPERTIES OF THE CLOUD

The Smith Cloud lies in the inner Galaxy below the Perseus
spiral arm, kpc from the Galactic center. The prop-R p 7.6
erties of the Cloud obtained from the GBT data are presented
in Table 1. The brightest H i emission at l, b p 38.67", !13.41"
is near the Cloud tip. The H i mass of 106 M, is a lower limit
because the Cloud appears to consist of multiple fragments

Lockman et al. (2008)
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Figure 2. 15◦ × 15◦ ROI surrounding the Smith Cloud in the energy range from 500 MeV to 500 GeV. The gray contours represent the H i column density associated
with the Smith Cloud (1 × 1020 cm−2 < NHI < 2.7 × 1020 cm−2), while the over-plotted circle shows the 1◦ truncation radius for the dark matter profile. Left:
observed γ -ray counts map smoothed by a Gaussian kernel with standard deviation 0.◦1. Center: map of the background γ -ray emission model fit to the Fermi-LAT
data including diffuse and point-like backgrounds. Right: the Poisson probability of finding the observed number of counts in each pixel given the model prediction
expressed as a Gaussian significance.
(A color version of this figure is available in the online journal.)

traced by the combination of H i and CO (so-called dark gas).
We follow the procedure of Ackermann et al. (2012) to trace
the dark gas using the E(B − V ) reddening maps of Schlegel
et al. (1998). We incorporate a dark gas correction into the
H i map after the Smith Cloud has been removed (Ackermann
et al. 2012).12 We note that our procedure for removing the gas
content of the Smith Cloud is very similar to the method used to
remove gas associated with the Magellanic Clouds and M31 (see
Appendix B of Ackermann et al. 2012).

These observations of the Milky Way gas profile supple-
mented by infrared observations of Galactic dust are input
into the GALPROP code to model the diffuse γ -ray emission
corresponding to hadronic collisions, inverse-Compton scat-
tering and bremsstrahlung radiation. To provide an accurate
model for diffuse emission in the region of the Smith Cloud,
we adopt the best-fit propagation parameters given by Trotta
et al. (2011), specifically a convectionless diffusion constant of
8.32 × 1028 cm2 s−1 at a momentum of 4 GeV, with a power-
law momentum scaling D(p) ∝ p0.31, a height for the diffusion
region of 5.4 kpc, and an Alfvén velocity of 38.4 km s−1. These
parameters were inferred from a Bayesian analysis including the
Fermi-LAT data as an input, and the resulting model is well-fit
to the Galactic diffuse γ -ray emission at intermediate latitudes
corresponding to the Smith Cloud. From this model we produce
energy-dependent maps for the γ -ray emission from hadronic
emission, bremsstrahlung, and inverse-Compton scattering. In
principle, we would consider any alterations to the propaga-
tion parameters which are consistent with the local cosmic-ray
primary-to-secondary ratios measured by satellite and balloon
experiments. However, we find that this first attempt yields an
accurate model of the observed diffuse γ -ray emission in the
region of the Smith Cloud and no additional parameter-space
scan is necessary.

4. DATA ANALYSIS

To search for excess γ -ray emission coincident with the
Smith Cloud, we select a data sample corresponding to the
first five years of Fermi-LAT operation (2008 August 4 to 2013

12 The E(B − V ) correction excludes the Smith Cloud due to its low
metallicity.

August 4). We select events from the P7REP CLEAN class in
the energy range from 500 MeV to 500 GeV and within a 15◦

radius of the Smith Cloud (l, b = 38.◦67,−13.◦41). Extending
this analysis to lower energies would translate to a minor
improvement in the sensitivity to low-mass dark matter models;
however, below 500 MeV the rapidly changing effective area
results in a stronger dependence on the spectral model assumed
for the Smith Cloud. To reduce γ -ray contamination from the
Earth’s limb, we reject events with zenith angles larger than 100◦

and events collected during time periods when the magnitude of
the rocking angle of the Fermi-LAT was greater than 52◦.

We perform a binned maximum likelihood analysis of the
15◦ ×15◦ region-of-interest (ROI) surrounding the Smith Cloud
(Figure 2). We bin the Fermi-LAT data in this ROI into 0.◦1 pixels
and 24 logarithmically spaced bins of energy from 500 MeV to
500 GeV. We model the diffuse emission in this region using
the templates for the hadronic, bremsstrahlung, and inverse-
Compton emission derived in the previous section. Because the
hadronic and bremsstrahlung components are morphologically
similar (both trace the interstellar gas in the Milky Way), we
tie their relative normalizations in the γ -ray fit. In addition to
the diffuse Galactic foregrounds, the γ -ray data includes an
isotropic contribution from extragalactic γ -rays and charged
particle contamination. The spectrum of the isotropic γ -ray
background is routinely derived from a high-latitude (|b| ! 10◦)
fit to the Fermi-LAT data, and is therefore dependent on the
data selection and on the modeling of other γ -ray emission
components (i.e., the Galactic diffuse emission). It is difficult to
derive the detailed spectrum of this component locally in the ROI
of the Smith Cloud due to limited statistics at high energies and a
morphological degeneracy with the inverse-Compton emission.
Thus, we model the spectrum of the isotropic component with
a broken power-law model which is simultaneously fit to the
Fermi-LAT data in the Smith Cloud ROI. While a broken power-
law model offers a reasonable fit to the Smith Cloud ROI, it
does not capture the detailed energy dependence of the residual
background. To quantify the impact of this simplification we
also perform the analysis with the standard isotropic background
model, iso_clean_v05.txt,13 and find that the results change by

13 http://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html
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Other Targets: The Smith Cloud

• 5-year binned likelihood analysis from 500 MeV to 500 GeV over a 15˚x15˚ ROI 
surrounding the Smith Cloud (P7REP_CLEAN_V15). 

• Likelihood model includes 2FGL sources, the custom diffuse Galactic 
foregrounds, and a local isotropic component modeled with a broken power-law. 

• Set bin-by-bin limits on the gamma-ray flux from the Smith Cloud using a spatially-
extended model of the dark matter annihilation signal. 

• No significant excess found for any of the spatial or spectral models tested 
(maximum TS = 4.7)
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Figure 3. Bin-by-bin energy-flux upper limits and expected sensitivities at 95%
CL for the Smith Cloud assuming an NFW dark matter profile. The 95% CL
upper limits derived from the data are shown by the black arrows. The median
sensitivity is shown by the dashed black line while the 68% and 95% containment
regions are indicated by the shaded bands.
(A color version of this figure is available in the online journal.)

<15%, which is much smaller than the fractional uncertainty
in the dark matter distribution of the Smith Cloud. In addition
to the diffuse components, our model includes all sources from
the second Fermi-LAT source catalog within 20◦ of the Smith
Cloud (Nolan et al. 2012). The flux normalizations of sources
within 6◦ of the Smith Cloud are left free in the fit.

Since we are specifically interested in γ -ray emission as-
sociated with dark matter annihilation in the Smith Cloud, we
model the Smith Cloud itself according to the spatially extended
dark matter profiles described in Section 2. We follow the pre-
scription of Ackermann et al. (2014) to perform a bin-by-bin
likelihood analysis of the γ -ray emission coincident with the
Smith Cloud. We first perform a single fit over the entire energy
range to fix the normalizations of the diffuse and point-like back-
ground sources.14 We then perform a likelihood scan over the
normalization of the putative Smith Cloud dark matter source in-
dependently in each energy bin (this procedure is similar to that
used to evaluate the spectral energy distribution of a source). By
analyzing each energy bin separately, we avoid selecting a sin-
gle spectral shape to span the entire energy range at the expense
of introducing additional parameters into the fit. The common
spectral model-dependent likelihood can be reconstructed by
tying the signal normalization across the energy bins. As a con-
sequence, computing a single bin-by-bin likelihood function
allows us to subsequently test many spectral models rapidly.
The bin-by-bin likelihood is additionally powerful because it
presents the γ -ray data in a way that makes minimal assump-
tions about the γ -ray spectrum of the source of interest. While
the bin-by-bin likelihood function is essentially independent of
spectral assumptions, it does depend on the spatial model of the
Smith Cloud and must be derived for each profile in Table 1.

5. RESULTS

We find no statistically significant excess γ -ray emission co-
incident with the Smith Cloud in the energy range from 500 MeV
to 500 GeV, and we set 95% confidence level (CL) upper limits
on the γ -ray flux within each energy bin (Figure 3). These lim-
its agree well with the expected sensitivity as calculated from

14 Fixing the normalizations of the background sources at their globally fit
values avoids poor convergence in the fitting procedure resulting from the fine
binning in energy and the degeneracy of the diffuse background components at
high latitude.
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to bb̄ as a function of the dark matter particle mass for different assumptions
of the dark matter density profile. Each profile is normalized to the best-fit
dark matter halo mass calculated by NBH09 (Table 1). The annihilation signal
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500 simulations of Fermi-LAT instrument performance and the
background γ -ray sources in the Smith Cloud ROI. Under the
assumption that the Smith Cloud is confined by a halo of dark
matter, we utilize the absence of a γ -ray signal to set constraints
on the dark matter annihilation cross section. Assuming an NFW
profile with parameters listed in Table 1, we place constraints on
the cross section for dark matter particles annihilating through
the bb̄, τ +τ−, µ+µ−, and W +W− channels (Figure 4).15 As-
suming an NFW profile, these constraints exclude the canonical
thermal relic cross section (∼3 × 10−26 cm3 s−1) for dark mat-
ter masses !30 GeV annihilating via the bb̄ or τ +τ− channels.
However, the J-factor calculated for the inner 1◦ of the Smith
Cloud varies by more than an order of magnitude depending on
the shape of the assumed dark matter profile. Current observa-
tions of the Smith Cloud offer no constraints on the shape of
its dark matter profile and this uncertainty propagates directly
into the constraints on the dark matter annihilation cross section
(Figure 5). Uncertainty in the shape and content of the Smith

15 Dark matter annihilation spectra were generated using DMFIT (Jeltema &
Profumo 2008; Ackermann et al. 2014).
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<15%, which is much smaller than the fractional uncertainty
in the dark matter distribution of the Smith Cloud. In addition
to the diffuse components, our model includes all sources from
the second Fermi-LAT source catalog within 20◦ of the Smith
Cloud (Nolan et al. 2012). The flux normalizations of sources
within 6◦ of the Smith Cloud are left free in the fit.

Since we are specifically interested in γ -ray emission as-
sociated with dark matter annihilation in the Smith Cloud, we
model the Smith Cloud itself according to the spatially extended
dark matter profiles described in Section 2. We follow the pre-
scription of Ackermann et al. (2014) to perform a bin-by-bin
likelihood analysis of the γ -ray emission coincident with the
Smith Cloud. We first perform a single fit over the entire energy
range to fix the normalizations of the diffuse and point-like back-
ground sources.14 We then perform a likelihood scan over the
normalization of the putative Smith Cloud dark matter source in-
dependently in each energy bin (this procedure is similar to that
used to evaluate the spectral energy distribution of a source). By
analyzing each energy bin separately, we avoid selecting a sin-
gle spectral shape to span the entire energy range at the expense
of introducing additional parameters into the fit. The common
spectral model-dependent likelihood can be reconstructed by
tying the signal normalization across the energy bins. As a con-
sequence, computing a single bin-by-bin likelihood function
allows us to subsequently test many spectral models rapidly.
The bin-by-bin likelihood is additionally powerful because it
presents the γ -ray data in a way that makes minimal assump-
tions about the γ -ray spectrum of the source of interest. While
the bin-by-bin likelihood function is essentially independent of
spectral assumptions, it does depend on the spatial model of the
Smith Cloud and must be derived for each profile in Table 1.

5. RESULTS

We find no statistically significant excess γ -ray emission co-
incident with the Smith Cloud in the energy range from 500 MeV
to 500 GeV, and we set 95% confidence level (CL) upper limits
on the γ -ray flux within each energy bin (Figure 3). These lim-
its agree well with the expected sensitivity as calculated from

14 Fixing the normalizations of the background sources at their globally fit
values avoids poor convergence in the fitting procedure resulting from the fine
binning in energy and the degeneracy of the diffuse background components at
high latitude.
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Figure 5. Upper limits at 95% CL for the dark matter annihilation cross section
to bb̄ as a function of the dark matter particle mass for different assumptions
of the dark matter density profile. Each profile is normalized to the best-fit
dark matter halo mass calculated by NBH09 (Table 1). The annihilation signal
is truncated at a radius of 1◦ from the assumed center of the Smith Cloud to
mitigate possible impacts from tidal stripping.
(A color version of this figure is available in the online journal.)

500 simulations of Fermi-LAT instrument performance and the
background γ -ray sources in the Smith Cloud ROI. Under the
assumption that the Smith Cloud is confined by a halo of dark
matter, we utilize the absence of a γ -ray signal to set constraints
on the dark matter annihilation cross section. Assuming an NFW
profile with parameters listed in Table 1, we place constraints on
the cross section for dark matter particles annihilating through
the bb̄, τ +τ−, µ+µ−, and W +W− channels (Figure 4).15 As-
suming an NFW profile, these constraints exclude the canonical
thermal relic cross section (∼3 × 10−26 cm3 s−1) for dark mat-
ter masses !30 GeV annihilating via the bb̄ or τ +τ− channels.
However, the J-factor calculated for the inner 1◦ of the Smith
Cloud varies by more than an order of magnitude depending on
the shape of the assumed dark matter profile. Current observa-
tions of the Smith Cloud offer no constraints on the shape of
its dark matter profile and this uncertainty propagates directly
into the constraints on the dark matter annihilation cross section
(Figure 5). Uncertainty in the shape and content of the Smith

15 Dark matter annihilation spectra were generated using DMFIT (Jeltema &
Profumo 2008; Ackermann et al. 2014).
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Other Targets: New Dwarf Galaxies

• The number of known dwarfs doubled 
due to SDSS. 
– SDSS only covers ~25% of the sky 
– SDSS has a magnitude limit of ~22 

!
• New wide-field surveys plan to greatly 

expand our coverage: 
– Pan-STARRS: 

 ~75% of the sky from the north 
– Southern Sky Survey: 

 ~75% of the sky from the south 
– DES: 

 ~5000 deg2 in the south (deeper) 
– LSST:  

 ~50% of the sky (much deeper) 
!

• Eventually hope to be complete for all 
bound satellite galaxies (L > 102 L⊙) 
!

• Simulations predict hundreds of Milky 
Way satellite galaxies may be found 
(Tollerud et al., 2008; Hargis et al., 2014)

49Globular Cluster 47 Tuc (DES Collaboration)

DES Footprint
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Other Targets: New Dwarf Galaxies
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SDSS DR10

DES Y1A1
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Other Targets: New Dwarf Galaxies

• Project that DES will find 20 additional 
dwarf galaxies. 
!

• Assume that the characteristics of these 
new galaxies are similar to those 
recently discovered by SDSS. 
– High Galactic latitude 
– Comparable J-factors and uncertainties 
!

• Combine additional dwarfs with 
continued LAT operations. 
– 10 years of LAT data taking 
– Current instrument performance 
!

• Expect sensitivity to the thermal relic 
cross section for dark matter particles 
with masses ~350 GeV 
!

• LSST may find > 100 dwarf galaxies

51

100 101 102 103 104

Mass (GeV)

10�28

10�27

10�26

10�25

10�24

10�23

h�
vi

(c
m

3
s�

1
)

bb̄
10 Year Observation
35 Dwarf Galaxies

Median Expected

68% Containment

95% Containment

Pre-Pass 8 Simulations

ADW Thesis, 2013

10 Years of LAT Data 
20 DES Dwarfs

10 Years of LAT Data 
120 Dwarfs with LSST



Alex Drlica-Wagner   |   Fermilab

Summary

52



Summary

• Indirect detection is a powerful and complementary 
technique in the search for dark matter. 
!

• The Fermi-LAT has unprecedented sensitivity in this field 
and is operating exceptionally well (Pass 8 public data 
release scheduled for the end of March). 
!

• The Galactic Center has the largest expected dark matter 
signal, but is a complex region dominated by systematic 
uncertainties. 
!

• The Galactic Center excess emission is intriguing, but 
requires confirmation in cleaner target regions. 
!

• Milky Way dwarf satellite galaxies are pristine laboratories 
for dark matter searches. 
!

• The discovery of new dwarf galaxies will increase the 
sensitivity of indirect dark matter searches

53
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Back-up Slides: 
General
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Gamma-ray Source Identification

56

Non-thermal emission often leaves 
tracers at other wavelengths 

Energy Source 
Explosion 
Rotation 
Accretion

Accelerator 
Shocks 
Magnetic reconnection 
etc.

Target Material 
Gas & Dust 
Photon Fields 
etc.

Timing: Periodicity of pulsars

Spectral continuity: Look at 
bounding energy regimes

Correlated Variability: Coincident 
flux variations across wavelengths

Gamma-rays 

The gamma-ray sky is a crowded 
and exciting place

Combination of data across 
multiple instruments is essential

Spatial Morphology: Spatially 
extended sources

Spatial Coincidence: Source 
localization

+

+

=
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Fermi-LAT Performance
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Energy Resolution

All-Sky Coverage

Point Spread Function

Effective Area

>4 Decades in Energy

0.7 m2

1.0o

0.25o
10%

Every ~3 Hours
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Dark Matter Distribution

58

Galactic Center: 
•Large statistics  
•Large background

Galaxy clusters: 
•Possibly large statistics 
•Astrophysical signal 
expected

Milky Way halo: 
•Large statistics  
•Diffuse background

Extragalactic background: 
•Large statistics 
•Large astrophysical 
contribution

Low-Mass Satellites: 
•Gamma-ray source 
•Unknown origin
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 Piere et al. Phys Rev D83, 023581 (2011)

Dwarf Galaxies: 
•Known location and 
dark matter content 
•Low statistics

Spectral lines: 
•“Clean” from 
astrophysics  
•Low statistics
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Dark Matter Distribution

59

Spectral lines: 
•“Clean” from 
astrophysics  
•Low statistics

Galactic Center: 
•Large statistics  
•Large background

Dwarf Galaxies: 
•Known location and 
dark matter content 
•Low statistics

Galaxy clusters: 
•Possibly large statistics 
•Astrophysical signal 
expected

Milky Way halo: 
•Large statistics  
•Diffuse background

Extragalactic background: 
•Large statistics 
•Large astrophysical 
contribution

Low-Mass Satellites: 
•Gamma-ray source 
•Unknown origin
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Case for the Fermi-LAT
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Case for the Fermi-LAT
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Search Strategies

1. Where is the dark matter? 

2. Center of large gravitational 
potentials (e.g., galaxy clusters, 
galaxies) 
1. Large signal 
2. Known location 
3.Large astrophysical 

backgrounds 
!

3.  Local over-densities associated 
with the Milky Way 
5. Concentrated 
6. Nearby 
7. Low background

63

Diemand et al., 2008

Via Lactea II Milky Way Size Halo



Alex Drlica-Wagner   |   Fermilab

Astrophysical Gamma-ray Production
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Energy Source Accelerator Production Mechanism

Foreground Absorption Gamma Rays
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Astrophysical Gamma-ray Production

65

π0

γ raysγ ray

γ ray

γ ray
proton

Astrophysical gamma-ray 
emission often produces radiation 
at other (radio, infrared, optical, X-
ray, etc.) wavelengths.

Identification of gamma-ray 
sources is a complicated 
task involving the 
combined effort of many 
experiments.

curvature radiation
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Background Rejection

• The LAT is designed to track charged particles 
• Cosmic-ray background rejection is one of the most difficult tasks 
• Multi-stage background rejection developed on Monte Carlo 

– Classic cuts based analyses utilizing the ACD and other subsystems 
– Multivariate event classification through machine learning 

• Harsh background rejection cuts must be validated on data

66

Diffuse Gamma-ray 
 Background

>5 Orders of Magnitude
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Back-up Slides: 
Line Analysis

67



Searching for Spectral Lines

• Annihilation into γγ or γX (X = Z0, H0, …) 
will produce a distinct spectral 
feature 
– Clean signal 
– Low statistics 
!

• No significant lines in 2 years of 
data including the Galactic center 
and Galactic halo (Ackermann et al. 
2012) 
!

• With ~4 years of public data external 
authors report a >4σ (local) spectral 
feature at ~130 GeV (Weniger 2012)

68

Weniger (2012)
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Optimized Regions of Interest (ROIs)

3.7 year Counts Map

R3 (contracted NFW, no src masking) 
R16 (Einasto) 
R41 (NFW)

R90 (Isothermal) 
R180 (DM Decay)

Ackerman et al. PRD 88, 082002 (2013)
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Line Search Results

sglobal = 2σ

• No globally significant lines found

Eγ=135 GeV 
slocal = 3.2σ 
sglobal = 1.5σ 
f = 0.58 
Much larger than 
systematic level  

Eγ= 6 GeV 
slocal = 3.1σ 
sglobal = 1.4σ 
f = 0.01 
At systematic level

Ackerman et al. PRD 88, 082002 (2013)
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95% CL <σv> Upper Limits

Bands show expected 
statistical fluctuations only

C. Weniger JCAP (2012)

C. Weniger JCAP (2012)

Ackerman et al. PRD 88, 082002 (2013)
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Width of 133 GeV Feature

• Let width scale factor float in fit (while preserving shape) 
•   
• Feature is significantly narrower than expected energy resolution (sσ=1)

4.9    )%95(32.0 22.0
07.0 =Δ= +

− TSCLsσ

Ackerman et al. PRD 88, 082002 (2013)
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Earth Limb Control Sample

73

111 ° < θzenith < 113 ° 
|Rocking Angle| > 52 °

Fit to Limb data

• Earth Limb is a bright, well 
understood source 
– γ rays from cosmic-ray 

interactions in the atmosphere 
– Expect a smooth power-law 
– Can be used to study 

instrumental effects 
!

• Line-like feature at at 133 GeV in the 
limb spectrum (2.0σ local) 
– Surprising since limb should be 

smooth (no dark matter) 
– S/Nlimb ~14%, while S/NR3 ~ 61% 

• Limb feature not large enough 
to explain all the GC signal 
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133 GeV Feature in 5.2 year dataset

signal-like

background-like

Weniger et al (2013):  
http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/white_papers_eval.html

• Since spring 2012, the significance of the feature has declined 
− More “background-like”

http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/white_papers_eval.html


Region of Interest (ROI) Optimization

• Many have shown ROI optimization importance in 
line searches 
– e.g. C. Weniger JCAP 1208 (2012) 007 

• Find RGC that optimizes sig/sqrt(bkg) 
– ROI choices made a priori using MC 
– sig from J factor in that ROI 
– bkg from MC simulation of galactic diffuse model 

• http://fermi.gsfc.nasa.gov/ssc/data/access/lat/Model_details/
Pass7_galactic.html 

• Search in 5 ROIs 
– R0 (12°x10° GC box) 
– R16 (Einasto Optimized) 
– R41 (NFW Optimized) 
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NFW Optimized ROI
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RGC (degrees)

E > 2.6 GeV

− R90 (Isothermal Optimized) 
− R180 (2 year Analysis ROI)



The Fermi LAT Line Search

• 2 year analysis accepted for publication in PRD 
– Current analysis uses similar method 

• 4 year analysis nearing completion 
– Use Reprocessed “Pass 7 Clean” data 

• Low cosmic-ray contamination 
• Reprocessing shifts energy scale by  1-4% to account 

for expected accumulation of radiation damage to 
calorimeter 

– Plan to submit paper to PRD end of December 
2012 

• Search for lines from 5 to 300 GeV 
– Maximum Likelihood Fit 
– Use sliding ±6σE windows 
– Fit for energies in σE steps 

• Perform finer 0.5σE scan near         significant 
energies 

– Model bkg as single powerlaw 
– Γbkg and fsig free in fit

Results from 2 year Line Search

M. Ackermann el al. 
(FERMI-LAT) 

PRD 86, 022002 (2012) 
arXiv:1205.2729



Improved Model for LAT Response to a Line

1D PDF

2D PDF

• Use full detector simulation to get Fermi LAT 
energy dispersion 

• Previously modeled line with a triple 
gaussian fit (“1D PDF”) 

• This analysis adds a 2nd dimension to line 
model: PE 

– PE is the probability that measured energy is true 
energy 

• Labeled “CTBBestEnergyProb” in our extended 
data 

– “2D PDF” (a function of both energy and PE) 

• Break Line into 10 PE slices and do triple 
gaussian fit in each slice separately 
– Fit explicitly at 9 energies and interpolate 

parameters in each slice to produce lines at other 
energies 

• Including PE →  ~15% improvement to signal 
sensitivity (when there is signal) and counts 
upper limit (when there is no signal)

M. Ackermann et al. 
(FERMI-LAT) 

PRD 86, 022002 (2012) 
arXiv:1205.2729

100 GeV Line Model



Spectral Line 95% CL Flux Upper Limit R16

• No globally significant lines found 
– Most significant fit was in R0 at 5 GeV, ~2σ (3.7σ local)

Einasto optimized ROI

Expected limits calculated from 
powerlaw-only pseudo-experiments 
No systematic errors applied

S/N < 4%



Spatial Morphology of Features in Galactic Plane

• Fit in 4°x4° ROIs along the Galactic plane in 1 ° steps 
– Fit with “1D PDF” 

• To find where the counts are coming from 
• Allowed for negative fluctuations  

• Find excess near ~135 GeV near GC 
– But find similar features at other energies along the GP 
– Some indication the 135 feature not smooth, but 2-3 smaller “hot spots” 
– Excess near 135 GeV is one of the largest and near GC, but is not otherwise unique

Fits at 136 GeV

Fits at 93 GeV Fit Significance (σ)
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Points:  Flight Data 
Curve:  MC

Preliminary

P7Transient to P7Clean Efficiency

Preliminary

• Dips in efficiency below and above 135 GeV 
− Appear to be related to CAL-TKR agreement 
− Could be artificially sculpting the energy spectrum

• Need to cut on times when the LAT was  
pointing at the limb 

• Have made changes to increase our Limb dataset 
– Pole-pointed observations each week 
– Extended “targets of opportunity” 

• Trace limb while target is occulted 



Modified Observing Strategy 

• More information can be found on the FSSC:  
http://fermi.gsfc.nasa.gov/ssc/proposals/alt_obs/obs_modes.html 

• Panel discussed white paper proposals July 25th and recommended a 
switch to “option 4 or similar” around December 2013. 
– Option 4 points to keep the GC in the field of view, while still providing relatively 

uniform all-sky coverage 
– Started modified observing early December 2013

Survey Mode Modified Strategy

Exposure Maps

x x
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Back-up Slides: 
Unassociated Sources
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Dark Matter Subhalos

• Simulations predict that Galactic dark 
matter halo populated by numerous 
subhalos 
– Largest subhalos contain satellite galaxies 
– Smaller subhalos have no tracer in other 

wavelengths 
!

• These subhalos may emit gamma-rays 
through dark matter annihilation 
!

• These source would populate the gamma-
ray sky and lack astrophysical associations 
!

• Look at unassociated sources: 
– ~600 unassociated sources in the LAT 

catalog (most near Galactic plane) 
– Associations made through: 

• Multiwavelength observations 
• Searches for periodicity 
• Correlated variability 
• etc.

83
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• Are dwarf galaxies the best component of substructure for dark matter detection? 

• Some substructure could be more detectable than the dwarf galaxies... 

• But we don’t know exactly where to look...

Unassociated Subhalos

84

Greater Detection  
Potential than Draco

Less Detection  
Potential than 

Draco

ApJ 747, 121; arXiv:1201.2691

Via Lactea II 
Subhalos

Extrapolation 
to Low-Mass 

Subhalos

http://arxiv.org/abs/1201.2691
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. . .

. . .

. . .

. . .

Unassociated Subhalos

85

• Examine unassociated, high-latitude sources in First LAT Catalog. 

• Search for non-power-law sources with that may have been missed. 

• Test for spatial extension and spectral shape with 99% confidence.

ApJ 747, 121; arXiv:1201.2691

http://arxiv.org/abs/1201.2691
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Two Extended Source Candidates

• Two candidate extended sources 
– 1FGL J1302.3-3255 subsequently associated with a radio pulsar 
– 1FGL J2325.8-4043 does not pass the spectral selection and is resolved 

as two sources in 2FGL (high probability of AGN association) 
!

• Neither source satisfies our criteria for a dark matter satellite candidate.

86

NO VALID CANDIDATES IN 1 YEAR OF DATA

Radio 
Pulsar

Two 
AGN

ApJ 747, 121; arXiv:1201.2691

http://arxiv.org/abs/1201.2691
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• Use N-body simulations to determine the 
probability of having no subhalos pass 
selection criteria as a function of           

!

!

!

!

!

• What would an interesting signal look like? 

• Multiple unassociated sources sharing a 
common hard spectral feature 

• Optical follow up of an unusual 
unassociated source reveals a new ultra-
faint dwarf.

Two-Year Dwarf Galaxy Paper

⇤�v⌅ ⇥ 2� 10�24 cm3 s�1

��v⇥

Unassociated Subhalos Summary

87

Prob(Don’t Detect Any Satellites in Simulation)

Prob(Don’t Detect Simulated Satellite j)

ApJ 747, 121; arXiv:1201.2691

http://arxiv.org/abs/1201.2691
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Search for Unassociated Satellites

88
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Subhalo Spatial Extension

89
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Back-up Slides: 
Dwarf Analysis
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68% Containment

95% Containment

Contributions to Combined Analysis
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Remove Segue 1, Ursa 
Major II, and Willman 1

Ackermann et al. PRD 89 042001 (2014)

• If this is a signal, the gamma-ray flux 
should  be correlated with the dark matter 
content. 

• Sensitivity of the combined analysis 
dominated by dwarfs with the largest  
J-factors: Coma Berenices, Draco, Segue 
1, Ursa Major II, Ursa Minor, Willman 1 

• Largest gamma-ray excesses associated 
with ultra-faint dwarfs: Segue 1, Ursa 
Major II, Willman 1 

• However, comparable excesses 
associated with low J-factor dwarfs: 
Hercules, Sculptor, Canes Venatici II 

• Additionally, no excess coincident with 
large J-factor dwarfs: Coma Berenices, 
Draco, Ursa Minor 

• No significant correlation between J-factor 
and gamma-ray signal strength 

• Removing ultra-faint dwarfs changes limit 
by 20% at low mass and 2x at high mass
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Constraints on the 
gamma-ray flux in 
each energy bin

Range expected from  
statistical fluctuations 
(1000 simulations)
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Ackermann et al. PRD 89 042001 (2014)
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Individual Dwarf Galaxies

93
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• Dwarf dark matter content estimated from the 
line-of-sight velocities of member stars (e.g. 
Martinez et al. 2009) 
!

• Mass within half-light radius of each dwarf is 
largely independent of assumptions on the 
cored or cuspy nature of the inner profile 
!

• Calculate the total integrated J-factor within a 
cone with angular radius of 0.5 degrees  
(~ comparable to dwarf half-light radius) 
!

• The posterior distribution and likelihood 
function for J are well described by a log-
normal function 
!

• Some new ultra-faint dwarfs have the largest 
J-factors and the largest uncertainties

94

G. Martinez
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Coverage

95



Alex Drlica-Wagner   |   Fermilab

Statistical Fluctuations

96

• The P6_V3_DIFFUSE and 
P7REPCLEAN_V9 differ on an 
event-by-event basis 
– Only ~70% of events above  

1 GeV shared by the two event 
classes 

– Only ~50% of events above 10 
GeV and within 0.5 deg. of the 
dwarfs are shared by the event 
classes 
!

• What accounts for this 
difference? 
– Pass 7 does a better job of 

mitigating instrumental pile-up  
– Required retraining of 

multivariate classification 
– Results in a statistical re-

shuffling of events
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Comparison

97
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4-Year Pass 7 Analysis

98

• Joint likelihood analysis of: 
– Extended time period:  

                4 years  
– Improved instrument response: 

         P7REPCLEAN_V9 
– Expanded photon energy range:  

          100 MeV - 500 GeV 
– Constrain higher WIMP masses: 

            5 GeV - 10 TeV 
– Same 10 dwarf galaxies 
!

• Model astrophysical backgrounds 
based on 2 years of Pass 7 data 
– 2FGL catalog sources 

(normalization free within 5˚) 
– 2-year diffuse background 

models (normalization free) 
!

• Include statistical uncertainties in 
the solid-angle-integrated J-factor

Extended to 10 TeV

10 GeV cross-over
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Spatial Extension
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Geringer-Sameth & Koushiappas (2012)
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Comparison with ACTs
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Back-up Slides: 
Future

102
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Pass 8: Ghost Busting

103

CAL Ghost Cluster 
- Identify through CAL clustering 
and cluster classification. 
- Work only with gamma cluster 
(effectively removing ghost) or 
remove ghost cluster and 
combine remaining crystals.

Old CAL Axis

TKR Ghost Hits 
- Identify ghost energy in the 
TKR from TOT information and 
out-of-time hits. 
- Remove tagged hits before 
running track finding. 
- Could search for in-time hits 
on ghost tracks.

ACD Ghost Hit 
- Identify ACD tiles with ghost 
energy deposits using the fast 
ACD veto information. 
- Can this be accomplished 
without sacrificing background 
rejection power? 
- Needs more study

Ghost removal goes hand-in-hand  
 with background rejection!
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Pass8: Improved LAT Performance

104

5 Decades in Energy (3 TeV)

• Improvements to the LAT instrument 
performance: 
– Increased energy range 
– Increased effective area  
– Improved angular resolution  
– Better background rejection 
– New event classes 
!

• Impacts for dark matter: 
– Energy Range <==> explore new 

high-mass parameter space 
– Effective Area <==> increased flux 

sensitivity 
– Angular Resolution <==> greater 

sensitivity to spatially extended 
sources 

– New Event Classes <==> check 
systematic effects in event selection

Preliminary

(Atwood et al. 2013)
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Improving the LAT Instrument

• Event reconstruction and classification 
algorithms were developed pre-launch on 
Monte Carlo 

• Validate the accuracy of the Monte Carlo 
against flight data 

• Incorporate effects from the orbital 
environment 

• Identify areas in the reconstruction where 
large benefits are possible

105

Vela Pulsar

Earth Limb
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Residual Background Contamination

106
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Ghost Removal

107

CAL Ghost Cluster 
- Identify through CAL clustering 
and cluster classification. 
- Work only with gamma cluster 
(effectively removing ghost) or 
remove ghost cluster and 
combine remaining crystals.

Old CAL Axis

TKR Ghost Hits 
- Identify ghost energy in the 
TKR from TOT information and 
out-of-time hits. 
- Remove tagged hits before 
running track finding. 
- Could search for in-time hits 
on ghost tracks.

ACD Ghost Hit 
- Identify ACD tiles with ghost 
energy deposits using the fast 
ACD veto information. 
- Can this be accomplished 
without sacrificing background 
rejection power? 
- Needs more study

Ghost removal goes hand-in-hand  
 with background rejection!
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Finding Satellite Galaxies

• Finding satellite galaxies has much in 
common with finding weak gamma-ray 
sources 
– Looking for spatial over-densities among 

a structured diffuse background 
– Contamination from mis-classified 

“objects” (cosmic-rays / galaxies) 
– Simultaneously fitting in spatial and 

energy / color dimension 
– N_stars (full survey) ~ 1e8 

N_photons (10 yrs)   ~ 1.5e8

108Walsh et al 2008
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Improvements to the Fermi-LAT

• While the LAT hardware cannot be 
altered, an enormous amount of 
information is recorded for each event 
!

• Allows for major improvements to 
reconstruction and background 
rejection software 
!

• Until now, the development of this 
software was completely Monte Carlo 
driven (with some minor tweaks to 
mitigate environment effects) 
!

• We now have the opportunity to 
optimize it for the true LAT operating 
conditions and science interests 
– Flight data validation of Monte Carlo  
– Experience with the orbital environment 
– Direction from science groups

109

Pulsars as Validation Sample

Residual Detector Pile-up



Alex Drlica-Wagner   |   Fermilab

Cherenkov Telescope Array

110

• Ground-based array of air cherenkov 
telescopes 
• Better angular resolution 
• Larger effective area 
• Lower energy threshold 

• Southern array 
• 4 large (23m) telescopes 
• 25 medium (9-12m) telescopes 
• Small (4m) telescopes covering >3km2 

• US contribution could make order of 
magnitude improvement in the 100 GeV to 
10 TeV range

Figure 9: Comparisons of the models surviving or being excluded by the various searches in
the LSP mass-scaled SI cross section plane as discussed in the text. The SI XENON1T line
is shown as a guide to the eye.

18

GC Halo Limits (bb channel)

13UCLA DM 2014

CTA 
(NFW, 500 hr)

HESS (112 hr)
Fermi dSph 
(4 yrs +10 dsphs)

The CTA Concept — Baseline + U.S.

light pool radius 
R ≈100-150 m
≈ typical telescope spacing

•  Arrays in northern and southern hemispheres for full sky coverage
•  Southern array:
•  4 large (23 m) telescopes in the center (LSTs) — threshold of 30 GeV
•  25 medium (9-12 m) telescopes (MSTs)
•  Small (~4 m) telescopes (SSTs) covering >3 km2 — expand collection area >10 TeV 


•  U.S. proposal is to add 24 MSTs with a higher-performance, two-
mirror design to southern array — achieve 1 km2

More than order of magnitude sensitivity improvement in 100 GeV–10 TeV range
 

2UCLA DM 2014

Cahill-Rowley et al. (2013)

Wood et al. (2013)
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Back-up Slides: 
Galactic Center
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More extensive study of the background model systematics

Broad range of interstellar emission models

Results compatible with dark matter annihilation into b-bbar and a mass of ~50 GeV 

Calore et al, arXiv:1409.0042

Galactic Center
Dark Matter Searches

Interpretations of the Excess
!
The spectrum of the residual signal in 
the Inner Galaxy does not look like dark 
matter annihilation 
!
The spherical symmetry of the fit is 
hard to reconcile with models of MSP 
emission 
!
! Daylan et al. 2014

12

FIG. 13: To constrain the degree to which the gamma-ray ex-
cess is spatially extended, we have repeated our Inner Galaxy
analysis, replacing the dark matter template with a series of
concentric ring templates centered around the Galactic Cen-
ter. The dark-matter-like emission is clearly and consistently
present in each ring template out to ⇠12�, beyond which sys-
tematic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions for a
generalized NFW profile with � = 1.4.

tical fluctuation, or the product of imperfect background
templates, it could also potentially reflect a degree of tri-
axiality in the underlying dark matter distribution.

We have also tested whether the excess emission is, in
fact, centered around the dynamical center of the Milky
Way (Sgr A⇤), as we have thus far assumed. In Fig. 12,
we plot the ��2 of the fit found in our Galactic Center
analysis, as a function of the center of our dark matter-
motivated template. The fit clearly prefers this template
to be centered within ⇠0.05� degrees of the location of
Sgr A⇤.

An important question to address is to what degree the
gamma-ray excess is spatially extended, and over what
range of angles from the Galactic Center can it be de-
tected? To address this issue, we have repeated our Inner
Galaxy analysis, replacing the dark matter template with
a series of concentric ring templates, each 1� wide, and
centered around the Galactic Center. We smooth the ring
templates to a 1� Gaussian (full-width-half-max), and fit
the normalization of each ring template independently.
Instead of allowing the spectrum of the ring templates
to each vary freely (which would have introduced an un-
tenable number of free parameters), we fix their spectral
shape to that found for the dark matter component in the
single template fit. We also break the template associ-
ated with the Fermi Bubbles into five templates, in 10�

latitude slices (each with the same spectrum, but with
independent normalizations).

The results of this fit are shown in Fig. 13. The dark-
matter-like emission is clearly and consistently present in
each ring template out to ⇠12�, beyond which system-

atic and statistical limitations make such determinations
di�cult. For comparison, we also show the predictions
for a generalized NFW profile with � = 1.4 (after appro-
priate smoothing). While this value for the profile slope
is slightly steeper that that found in Secs IV and V, we
caution that systematic uncertainties associated with the
di↵use model template may be biasing this fit toward
somewhat steeper values of �. This is consistent with
results from the inner Galaxy analysis when the Galactic
plane is masked at 2 degrees, which also suggest a slightly
steeper profile slope.

To address the same question within the context of
our Galactic Center analysis, we have re-performed our
fit using dark matter templates which are based on den-
sity profiles which are set to zero beyond a given radius.
We find that templates corresponding to density profiles
set to zero outside of 800 pc (600 pc, 400 pc) provide
a fit that is worse relative to that found using an un-
truncated template at the level of ��2=10.7 (57.6,108,
respectively).

We have also tested our Galactic Center fit to see if
a cored dark matter profile could also provide a good
fit to the data. We find, however, that the inclusion
of even a fairly small core is disfavored. Marginalizing
over the inner slope of the dark matter profile, we find
that flattening the density profile within a radius of 10
pc (30 pc, 50 pc, 70 pc, 90 pc) worsens the overall fit
by ��2=3.6 (12.2, 22.4, 30.6, 39.2, respectively). The
fit thus strongly disfavors any dark matter profile with a
core larger than a few tens of parsecs.

Lastly, we confirm that the morphology of the anoma-
lous emission does not significantly vary with energy. If
we fit the inner slope of the dark matter template in our
Inner Galaxy analysis one energy bin at a time, we find a
similar value of � ⇠1.2-1.3 for all bins between 0.5 and 10
GeV. At energies below 0.5 GeV, the fit prefers somewhat
steeper slopes (� ⇠ 1.6) and a corresponding spectrum
with a very soft spectral index, probably reflecting con-
tamination from the Galactic Plane. At energies above
10 GeV, the fit prefers a lower value for the inner slope
(� ⇠ 1.0), suggesting that the residual emission found
above 10 GeV is most likely associated with other resid-
ual structures, and not with the steepened NFW-like pro-
file consistently preferred in the 0.5-10 GeV range.

The results described in this section indicate that the
gamma-ray excess exhibits a morphology which is both
approximately spherically symmetric and steeply falling
(yet detectable) over two orders of magnitude in galacto-
centric distance (between ⇠20 pc and ⇠2 kpc from Sgr
A*). This result is to be expected if the emission is pro-
duced by annihilating dark matter particles, but is not
anticipated for any proposed astrophysical mechanisms
or sources of this emission.



Low Energy Line Search 
fsys from Galactic Plane scans
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• There are some common features likely from the effective area (Aeff) 
• Displacement from 0 is mostly from Aeff, while spread is from bkg. modeling  
• Larger systematic effect with wider windows (since power law approx. gets worse)


